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Abstract

:

In order to study the effect of thermal barrier coating deposition inside the film holes of turbine guide vanes on film cooling performance, film effectiveness on the suction side is measured by infrared thermal imaging technology. Film effectiveness is obtained at blockage ratios of 0, 0.2, 0.5, and 0.8, and blowing ratios of 0.7, 1.05, and 1.4. Film effectiveness decreases and the spanwise inhomogeneity becomes evident with an increase of the blockage ratio. When blowing ratios increase from 0.7 to 1.4, the surface averaged film effectiveness decreases by 55–60% at a large blockage ratio of 0.8, 21–27% at the middle blockage ratio of 0.5 and by no more than 11% at a small blockage ratio of 0.2. The rounded corners formed by blockage enhance the adhesion of the film at the small blockage ratio of 0.2, thereby improving the film cooling performance near the hole exit. There is a maximum increase of 0.2 in film effectiveness within four hole diameters.
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1. Introduction


As turbine inlet temperatures have increased over time, the operational environment of gas turbine vanes has become increasingly challenging, potentially affecting their life span. When the gas temperature exceeds what the superalloy in use can withstand, thermal protection of the turbine vane surface is required to decrease the substrate temperature and protect the vane from the hot gas [1,2,3].



Film cooling and thermal barrier coating are two typical thermal protection methods that have been widely used in turbine vane cooling in the last century [4,5]. A large number of researchers have conducted in-depth studies of the factors influencing film cooling [6]—studies that can be divided into two categories: One is the geometric parameters of the hole, such as hole shape, hole diameter, hole spacing, length–diameter ratio, and outflow angle [7]; the other category is the aerodynamic parameters of the hole, such as the blowing ratio, momentum ratio, density ratio, and temperature ratio [8]. Most studies have taken idealized film holes as the research objects. It is postulated that thermal barrier coating can add to the protection afforded by film cooling [9]. However, it has been found that during the spraying process for thermal barrier coating, some coating materials entered and were deposited in the outlet section of the film hole, causing some degree of blockage, and thus affecting the film cooling [10].



Bogard et al. [11] originated the study of film hole blockage and, using a microscope, were able to gain cross-sectional photographs of coating material deposition in the outlet section of film holes. Since then, researchers have studied the effect of blockage on film cooling. Some studies show that blockage inside holes has a negative influence on film effectiveness [12]. Wang et al. [13] carried out a study about spherical blockage configurations on a flat plate. It showed that both film spanwise coverage width and effectiveness decrease as the blockage ratio increases. A study by Demling and Bogard [14] showed that when the height of a tri-prism blockage was one hole radius, film effectiveness was up to 80% less than without blockage. Bunker [15], Chen et al. [16], and Whitfield et al. [17] also studied the blockage in different hole shapes (cylindrical holes and diffusion shaped holes) on a flat plate. Studies by Bunker and Chen et al. have shown that blockage by the coating causes a significant degradation of effectiveness of the cylindrical holes, but the effect on the diffusion shaped holes was relatively small. However, the results of Whitfield et al. showed that the effectiveness of both diffusion shaped and cylindrical holes decreased by 75% due to the blockage. Jovanovic et al. [18] found that a half torus blockage in the hole significantly changed the flow field, which caused film effectiveness to decay sharply; the decrease was more evident at a lower blowing ratio. Huang et al. [19] studied the effect of pyramid-shaped blockage on flow coefficient and film effectiveness. It showed that blockage inside the hole reduces the flow coefficient. Except for the leading-edge blockage of the hole exit, other blockage forms led to a decrease of effectiveness. The study of Wang et al. [20] showed that the blockage increased the pressure loss of the coolant and reduced film effectiveness and coverage area.



Due to the flow between real vanes being significantly different from the conventional flat plate, the suction side is a typical position of the vane. In recent years, the research on film cooling has increasingly shifted from conventional flat plates to real vanes, among which a large number of researchers have studied the film cooling on the suction side. The cooling performance of cylindrical holes on the suction side were studied from the beginning [21], and then the compound angle cylindrical holes on the suction surface were further studied [22]. Meanwhile, the research on shaped holes was gradually carried out on the suction side [23]. Liu et al. [24] conducted a comparative study on the film cooling performance of multiple rows of cylindrical holes and multiple rows of shaped holes on the suction side, and Gao et al. [25,26] simultaneously studied the film cooling characteristics of multiple rows of shaped holes and multiple rows of compound angle shaped holes on the suction side. In addition, research has shown that film cooling on the suction side under rotation conditions increases the influence of rotation, which is more consistent with the actual working condition. Li et al. [27,28,29] carried out studies on the cooling characteristics of multiple rows of holes on the suction side and multiple rows of compound angle holes on the suction side under rotating conditions, as well as the cooling characteristics of cylindrical holes and shaped holes on the suction side under rotating conditions. The above studies about film cooling on the suction side have made great contributions to the development of turbine vane cooling.



Although much research progress has been made on film cooling characteristics with film hole blockage, there are still some unknowns. The main one is the reason for the great difference between an oversimplified hole deposition morphology in theory and the actual situation, such as with tri-prism blockage, pyramid-shaped blockage, and spherical blockage, where the actual blockage inside the hole is not combined with the turbine vane. In order to explore how the actual blockage morphology caused by thermal barrier coating affects film cooling on a vane profile, film effectiveness on the suction side of the turbine guide vane was measured by an infrared camera in a cascade wind tunnel. The distributions of film effectiveness under different blockage ratios and blowing ratios were obtained and provided guidance for the future coupling design of film cooling and the thermal barrier coating of turbine vanes.




2. Experimental Apparatus and Methodology


2.1. Experimental Apparatus


Figure 1 shows the cascade wind tunnel system, and Figure 2 shows the corresponding photograph of the cascade wind tunnel test section. The mainstream is provided by a Roots blower, which drives air into the wind tunnel expansion section after it passes through the air supply pipeline and control valve. The mainstream after deceleration is rectified by a honeycomb panel and damping mesh in the stable section and then flows into the cascade test section through the contraction section. It is finally discharged into the atmosphere from the outlet of the test section. Secondary flow is provided by a piston air compressor. The compressed high-pressure air passes through the air tank, valve, flow controller, and heater in turn, and then enters the secondary flow supply chamber of the test vane, finally flowing out of the vane through the film holes.



As shown in Figure 3, the cascade consists of three vanes and two channels; the channel wall is transparent organic glass with a thickness of 10 mm. This makes it possible to observe the situation in the cascade channel at any time while meeting the strength requirements. The detailed parameters of the cascade are given in Table 1. The temperature of the vane surface was obtained by an Optris PI160 infrared camera (Optris GmbH, Berlin, Germany) through an infrared window installed on the wall of test section. The infrared camera sampling frequency is 10 Hz. This meets the requirement of monitoring temperature changes in the mainstream in real time. The infrared transmittance of the window, which is made of germanium single crystal with a purity greater than 99.9999%, is greater than 90%. The mainstream and secondary flow temperatures are obtained through calibrated K-type thermocouples arranged at 0.75 L in front of the vane and in the secondary flow supply chamber. The sampling frequency of the thermocouple temperature acquisition module is 50 Hz, and the time constant of the thermocouple, with a diameter of 0.1 mm, is 0.3 s. The measurements of the infrared camera were calibrated by a thermocouple installed on the surface of a vane. The temperature calibration curve of the thermal camera is shown in Figure 4. The middle test vane has an organic glass (λ = 0.15 W/(m·K)) wall thickness of 9 mm. Twenty-two cylindrical film holes are located at 26% of the relative arc length of the suction side. The geometric structure of film hole exit blockage is based on the studies of Bogard and Whitfield et al. [11,17]. Its cross section is an isosceles triangle with a rounded corner, as shown in Figure 5. The examined blockage ratios of the film holes were 0, 0.2, 0.5, and 0.8. The sizes of the film holes are shown in Table 2.



The pressure coefficient test piece has 27 pressure measuring holes with diameters of 1 mm in the middle section of the vane perpendicular to the local profile. The positions of the pressure measuring holes are shown in Figure 6. The first 13 static pressure measuring holes are located on the pressure side. Static pressure measuring holes 15–27 are located on the suction side, and the No. 14 static pressure measuring hole is located at the stagnation point.




2.2. Experimental Methodology


The experiment was carried out in the cascade wind tunnel described above. The Roots blower frequency was adjusted to ensure that the speed of the test section inlet was 10 m/s, resulting in Re = 3 × 105. The mainstream temperature was 293 ± 1 K. The pressure coefficient was measured on an individual test piece, and the local velocity along the vane outside boundary layer was calculated through the Bernoulli equation. The mass flow rates of secondary flow corresponding to the different blowing ratios were calculated according to the local velocity calculated above.



Steady state experiments were carried out to examine film effectiveness. The mass flow rate of the secondary flow was adjusted by the mass flow controller, and the temperature was raised to 313 ± 1 K by a thermostatic heater. According to the definition of film effectiveness, the adiabatic temperature of the vane surface needs to be measured. This requires the heat flux through the vane surface to be minimized to keep the vane close to the adiabatic state. To reduce the heat flux of steady heat transfer, a 5 mm thick soft foam (λ = 0.02 W/(m·K)) was pasted inside the vane to establish a large enough thermal resistance. The heat flux of steady heat transfer was eliminated for a time as long as 1.5 h. The temperature difference measured by two thermocouples arranged on the outer and inner walls of the vane was 0.7 K. According to Fourier law, the heat flux through the vane was 15.6 W/m2, which approximately satisfies the adiabatic condition. After reaching a steady state, the temperatures of the vane surface, secondary flow, and mainstream were measured by the data acquisition system.




2.3. Experimental Uncertainty


The bias limit of the mass flow rate of the secondary flow was ±2 L/min at the condition of 273.15 K and 101,325 Pa. The bias limit of the calibrated thermocouple was ±0.3 K, and the bias limit of the infrared camera was ±0.5 K. The bias limit of pressure was ±1.5 Pa at a Reynolds number of 3 × 105. As determined by the single-sample experiment method of Moffat [30], the estimated uncertainty in film effectiveness is ±13.8% (±0.0138) based on the value of 0.1 and ±3.3% (±0.0165) based on the value of 0.5. For the pressure coefficient, the estimated uncertainty is ±1.4% (±0.28) based on the value of −20.





3. Results and Discussion


3.1. Pressure Coefficient


Figure 7 shows the pressure coefficient (Cp) and local velocity as functions of position in the middle section of the vane. The horizontal coordinate x/S is the relative arc length, positive on the suction side, and negative on the pressure side. On the pressure side, the Cp decreases and the mainstream speed gradually rises along the flow direction. The closer to the trailing edge, the more obvious the acceleration. On the suction side, the Cp decreases sharply with an increase of x/S in the region 0 < x/S < 0.45, and the mainstream velocity increases sharply. The mainstream transitions from a favorable pressure gradient to an adverse pressure gradient at x/S = 0.45. For x/S > 0.45, the Cp increases and the velocity decreases as x/S increases. The film hole exit is located at x/S = 0.26, and the measurement range of the infrared camera is 0.242 < x/S < 0.407—a range that is located completely in the favorable pressure gradient region.




3.2. Effect of Blockage Ratio on the Distribution of Film Effectiveness


The effect of the blockage ratio on the distribution of film effectiveness at M = 0.7 is shown in Figure 8. The results for three film holes near the middle section were selected for analysis. The region with a film effectiveness greater than 0.2 is defined as the region of high effectiveness. As shown in the Figure 8a, the spanwise coverage of the film is widest without blockage inside the hole. At the hole exit, the vane surface is almost wholly covered by the region of high effectiveness in the spanwise direction, covering about 12 D downstream from the hole, and the spanwise coverage width decays slowly. At a blockage ratio of 0.2, the region of high effectiveness is clearly narrowed, showing a significant contraction trend, while the coverage length also decreases slightly. It is worth noting that local film effectiveness close to the hole exit is higher than the unblocked model. This is because a small blockage ratio does not significantly increase the outflow momentum of secondary flow, while the deposition in the hole makes the angular trailing edge of the original film hole exit become smooth, with the exit trailing edge of the hole changing from an ellipse to a straight line. These changes improve the adhesion of the secondary flow at the region close to the hole exit. At a blockage ratio of 0.5, effectiveness is completely less than 0.5 in the target region, the region of high effectiveness further decreases, and the coverage length decreases to 9 D. At this time, although the deposition inside the hole makes the hole exit smoother, the lifting effect caused by the blockage bulge significantly increases the normal momentum of secondary flow at the film hole exit. This causes an enhancement of secondary flow penetration into the mainstream and a decrease of secondary flow adhesion. For the blockage ratio of 0.8, the film coverage seriously deteriorates, and the region of high effectiveness disappears completely. The minimum cross-sectional area is reduced by extensive deposition inside the hole, resulting in an increase in the magnitude of the momentum of the secondary flow. In addition, the outflow angle of secondary flow is increased due to the uplift of deposition, which increases the proportion of the normal component of the secondary flow momentum. Both of these two points increase the normal momentum of the secondary flow, resulting in significant separation.



The effect of blockage ratio on the distribution of film effectiveness at M = 1.05 is shown in Figure 9. Effectiveness is improved in most regions because the secondary flow supply is more adequate than for a blowing ratio of 0.7. In addition, the regions of the unblocked model with high effectiveness are connected with each other, showing a whole sheet distribution and covering up to 20 D. With an increase of the blockage ratio, the spanwise inhomogeneity of film effectiveness increases, and the trend toward a long-strip distribution is gradually highlighted. At a blockage ratio of 0.2, the region of high effectiveness changes from a whole sheet distribution to an interval and discrete strip distribution, covering up to 17 D. At a blockage ratio of 0.5, the region of high effectiveness extends in the flow direction and shrinks in the spanwise direction relative to the behavior at a blockage ratio of 0.2, showing a slender distribution trend and covering up to 18 D downstream from the hole. At a blockage ratio of 0.8, effectiveness deteriorates significantly, and the region of high effectiveness is greatly reduced. However, the film cooling performance significantly improves due to a more adequate secondary flow as the blowing ratio increases from 0.7 to 1.05.



The effect of blockage ratio on the distribution of film effectiveness at M = 1.4 is shown in Figure 10. Compared to M = 1.05, film effectiveness continues to increase in most areas when the blockage ratio is 0.8. However, effectiveness close to the hole exit of the other three blockage ratios decreases by varying degrees. In addition, effectiveness is significantly enhanced at the region beyond 10 D. This is due to the fact that a slight flow separation occurs at the hole outlet with the momentum of secondary flow increasing, and then reattaches downstream. The attenuation trend of film effectiveness is obviously slowed down, and the film coverage is large and relatively uniform.



In general, with an increase of the blockage ratio, the film spanwise expansion gradually weakens, and the coverage width gradually decreases. At a small blockage ratio of 0.2, the film hole exit becomes smoother due to the blockage, which partially offsets the adverse effects due to the blockage, and film effectiveness decreases only slightly. However, with the blockage ratio continuing to increase, effectiveness decreases sharply. As the blowing ratio increases, effectiveness beyond 10 D keeps increasing. Due to the slight separation at a large blowing ratio, effectiveness close to the hole exit first increases and then decreases with the improvement of the blowing ratio.




3.3. Effect of Blockage Ratio on Spanwise Averaged Film Effectiveness


The distribution of spanwise averaged film effectiveness with different blockage ratios at M = 0.7 is shown in Figure 11. The maximum is about 0.43 for the case of no blockage inside the hole, and it decreases gradually with an increase of x/D. The reasons are that the secondary flow temperature gradually approaches the mainstream temperature due to the continuous mixing, the heat exchange between mainstream and secondary flow, and the counter rotating vortex pair continuously entraining the mainstream into the film coverage region. It can also be found that spanwise averaged film effectiveness decreases as the blockage ratio increases. At a blockage ratio of 0.2, there was only a small decrease of 0.04 and a maximum relative decrease of 17% compared with the case without blockage, and there was almost no decrease beyond 15 D. At a blockage ratio of 0.5, the decrease of the spanwise averaged film effectiveness became obvious, with a maximum decrease of 0.11 at the near-hole region and a maximum relative decrease of more than 25%. At a blockage ratio of 0.8, it decreases significantly, with a maximum value of only about 0.1, which slightly decreases as x/D increases. Compared with the two-dimensional distribution of film effectiveness, it is very small both near a hole and far from it, and the coverage of the film is also the narrowest. Meanwhile, the decrease of spanwise averaged film effectiveness due to blockage is mainly concentrated at the region within 10 D, and the largest decrease is 0.33.



The distribution of spanwise averaged film effectiveness with different blockage ratios at M = 1.05 is shown in Figure 12. It is similar to the case of M = 0.7. The difference is that spanwise averaged film effectiveness at x/D = 1 is slightly higher than that without blockage, by 0.03 at a blockage ratio of 0.2. However, it begins to be lower than the unblocked situation at 2 D and lower than for the blockage ratio of 0.5 at 20 D. In addition, it decreases significantly at the blockage ratio of 0.5, with the maximum decrease being 0.13 with a relative decrease of 24%. The downward trend of spanwise averaged film effectiveness is obviously slowed starting at 10 D. It is only 0.005 lower than without blockage at 25 D, where the relative decrease is only 3.5%. Spanwise averaged film effectiveness decreases significantly at a blockage ratio of 0.8, but it is very little affected by how far downstream it is.



The distribution of spanwise averaged film effectiveness with different blockage ratios at M = 1.4 is shown in Figure 13. The attenuation of spanwise averaged film effectiveness decreases slightly near the hole exit, and it increases appreciably at the region beyond 10 D, more than for M = 1.05. At the small blockage ratio of 0.2, it also slightly increases at x/D = 1, by 0.02 compared to the unblocked case. At a blockage ratio of 0.5, the decrease at the near-hole region is less than the case of a small blowing ratio; the maximum decrease at the region within 10 D is 0.1. However, the decrease at the region beyond 10 D increases, with the maximum decrease exceeding 0.11 and the maximum relative decrease approaching 35%. At the large blockage ratio of 0.8, the decrease of spanwise averaged film effectiveness is still the most serious. Different from the case of M = 1.05, the decrease of spanwise averaged film effectiveness caused by blockage near the hole exit is weakened, but the influence is significantly enhanced beyond 10 D.



The distribution of spanwise averaged film effectiveness with various blowing ratios at the blockage ratios of 0, 0.2, 0.5, and 0.8 is shown in Figure 14. As the blowing ratio increases from 0.7 to 1.05, spanwise averaged film effectiveness increases at blockage ratios of 0, 0.2, and 0.5. However, when the blowing ratio increases further from 1.05 to 1.4, it decreases slightly in the near-hole region, starting to increase after 10 D. This is because the larger blowing ratio leads to the increase of momentum of the secondary flow, and a slight separation occurs after outflow. When the blockage ratio is 0.8, spanwise averaged film effectiveness always improves as the blowing ratio increases.




3.4. Effect of Blockage Ratio on Surface Averaged Film Effectiveness


Figure 15 shows the surface averaged film effectiveness for different cases. Both the blockage ratio and blowing ratio have significant effects on surface averaged film effectiveness. For example, it increases with an increase of the blowing ratio and decreases with an increase of the blockage ratio. It is noteworthy that the blockage ratio has a small impact at small blockage ratios but a sharp increase in film effectiveness when the blockage ratio is large. This is because a small blockage ratio has little effect on the outlet momentum and outflow angle, but the effect increases significantly when the blockage ratio is large. For the case of blowing ratios from 0.7 to 1.4, surface averaged film effectiveness decreases by 7–11% at a blockage ratio of 0.2, 21–27% at a blockage ratio of 0.5, and 55–60% at a blockage ratio of 0.8.





4. Conclusions


The distribution of film effectiveness on the suction side of a turbine guide vane was measured by an infrared camera in this study. Film cooling performance degradation trends were analyzed based on variations in film effectiveness across vanes with various blockage ratios.




	
The coverage of secondary flow and the cooling performance of vanes are both perfect in the case without blockage. However, the film effectiveness would be reduced and its spanwise inhomogeneity would be increased due to the blockage. This effect was not obvious when the blockage ratio was less than 0.2, but with the increase of the blockage ratio, the cooling performance of the vane deteriorated rapidly because of the flow separation caused by the blockage.



	
The degradation of spanwise averaged film effectiveness was very small when the blocking ratio was small, but it became serious when the blocking ratio was large. Moreover, the degradation of spanwise averaged film effectiveness was most significant only within 10 D, and the attenuation also became serious with the increase of blowing ratio at the region beyond 10 D.



	
The degradation trend of surface averaged film effectiveness due to blockage was the same as that of spanwise averaged film effectiveness. At the blowing ratio of 0.7, the surface averaged film effectiveness under different blockage ratios decreased by 7%, 24% and 60%, respectively.



	
To ensure the safe operation of the engine, special attention should be paid to the control of blockage inside film holes during the preparation of thermal barrier coating and vanes operation. In addition, the optimal blowing ratio should be reduced as much as possible in the design process to avoid a large blow ratio, under which the cooling performance was most obviously affected by the blockage.
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Nomenclature




	
A

	
Area of cylindrical film hole section, m2




	
B

	
Blockage ratio: t/D




	
Cp

	
Pressure coefficient:    (   p  g , l o c   −  p  g , i n  *   )  /  (   p  g , i n  *  −  p  g , i n    )   




	
D

	
Diameter of film hole without blockage, m




	
k

	
Pitch of film hole, m




	
L

	
Chord length, m




	
l

	
Film hole length, m




	
M

	
Blowing ratio:    (   ρ c   u c   )  /  (   ρ  g , l o c    u  g , l o c    )  =  m ˙  /  (   ρ  g , l o c    u  g , l o c   A  )   




	
   m ˙   

	
Mass flow rate through film hole:    ρ c   u c  A  , kg/s




	
m

	
Spanwise pixel number of the measurement region




	
n

	
Arc pixel number of the measurement region




	
P

	
Pitch of vane, m




	
p

	
Static pressure, Pa




	
p*

	
Total pressure, Pa




	
Re

	
Inlet Reynolds number:    ρ  g , i n    u  g , i n   L /  μ  g , i n    




	
r

	
Fillet radius of blockage, m




	
S

	
Arc length, m




	
T

	
Temperature, K




	
t

	
Blockage height, m




	
u

	
Velocity, m/s




	
Greek symbols




	
α

	
Injection angle of film hole, °




	
    β 1    

	
Inlet angle of mainstream, °




	
    β 2    

	
Exit angle of mainstream, °




	
γ

	
Repose angle of blockage, °




	
η

	
Film effectiveness:    (   T g  −  T  a w    )  /  (   T g  −  T c   )   




	
    η  a v e     

	
Spanwise averaged film effectiveness:     ∑   i = i  n  η / n  




	
    η   (  s u r , a v e  )      

	
Surface averaged film effectiveness:     ∑   j = 1  m    ∑   i = 1  n  η / m n  




	
λ

	
Thermal conductivity, W/(m·K)




	
μ

	
Dynamic viscosity, kg/(m·s)




	
ρ

	
Density, kg/m3




	
Subscripts




	
aw

	
Adiabatic wall




	
c

	
Secondary flow




	
g

	
Mainstream




	
loc

	
Local




	
w

	
Wall
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Figure 1. Experimental wind tunnel system. 






Figure 1. Experimental wind tunnel system.



[image: Energies 15 02935 g001]







[image: Energies 15 02935 g002 550] 





Figure 2. Photo of wind tunnel setup. 






Figure 2. Photo of wind tunnel setup.



[image: Energies 15 02935 g002]







[image: Energies 15 02935 g003 550] 





Figure 3. Test section. 
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Figure 4. Calibration curve of infrared camera. 
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Figure 5. Blockage of film cooling hole exit. (a) Photo of blockage [5]; (b) schematic diagram of blockage. 
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Figure 6. Positions of static pressure measurement points. 
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Figure 7. Dependence of pressure coefficient and local velocity on position in the middle section of the vane. 
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Figure 8. Distribution of film effectiveness at different blockage ratios, M = 0.7. (a) B = 0; (b) B = 0.2; (c) B = 0.5; (d) B = 0.8. 
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Figure 9. Distribution of film effectiveness at different blockage ratios, M = 1.05. (a) B = 0; (b) B = 0.2; (c) B = 0.5; (d) B = 0.8. 
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Figure 10. Distribution of film effectiveness at different blockage ratios, M = 1.4. (a) B = 0; (b) B = 0.2; (c) B = 0.5; (d) B = 0.8. 
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Figure 11. Effect of blockage ratio on spanwise averaged film effectiveness at M = 0.7. (a) ηave; (b) ∆ηave; (c) ∆ηave/ηave. 
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Figure 12. Effect of blockage ratio on spanwise averaged film effectiveness at M = 1.05. (a) ηave; (b) ∆ηave; (c) ∆ηave/ηave. 
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Figure 13. Effect of blockage ratio on spanwise averaged film effectiveness at M = 1.4. (a) ηave; (b) ∆ηave; (c) ∆ηave/ηave. 
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Figure 14. Spanwise averaged film effectiveness at different blowing ratios. (a) B = 0; (b) B = 0.2; (c) B = 0.5; (d) B = 0.8. 
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Figure 15. Surface averaged film effectiveness at different blockage ratios. 
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Table 1. Vane cascade parameters.
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	Parameter
	Value





	Chord length (L) [m]
	0.407 ± 0.0005



	Pitch of vane (P) [m]
	0.28 ± 0.0005



	Vane height [m]
	0.3 ± 0.0005



	Inlet velocity [m/s]
	10 ± 0.05



	Inlet Reynolds number, Re
	(3 ± 0.012) × 105



	Inlet turbulence intensity
	1~2%



	Inlet angle of mainstream (β1) [°]
	90 ± 0.1



	Exit angle of mainstream (β2) [°]
	18.2 ± 0.1



	Mainstream temperature [K]
	293 ± 1



	Secondary flow temperature [K]
	313 ± 1



	Density ratio (   ρ c  /  ρ g   )
	0.936 ± 0.0005



	Blowing ratio M
	0.7, 1.05, 1.4
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Table 2. Film hole parameters.






Table 2. Film hole parameters.





	B
	D [mm]
	l/D
	k/D
	t [mm]
	α [°]
	γ [°]
	r/D





	0
	3
	6
	3
	0
	30
	30
	4/3



	0.2
	3
	6
	3
	0.6
	30
	30
	4/3



	0.5
	3
	6
	3
	1.5
	30
	30
	4/3



	0.8
	3
	6
	3
	2.4
	30
	30
	4/3
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